Azotobacter vinelandii UWD was grown in a fermentor with glucose medium with and without 0.1% fish peptone (FP) in batch and fed-batch cultures for the production of the natural bioplastic poly-13-hydroxybutyrate (PHB). Strain UWD formed PHB five times faster than cell protein during growth in glucose and NH4', but PHB synthesis stopped when NH4' was depleted and nitrogen fixation started. When FP was added to the same medium, PHB accumulated 16 times faster than cell protein, which in turn was inhibited by 40%o, and PHB synthesis was unaffected by NH4' depletion. Thus, FP appeared to be used as a nitrogen source by these nitrogen-fixing cells, which permitted enhanced PHB synthesis, but it was not a general growth stimulator. The addition of FP to the medium led to the production of large, pleomorphic, osmotically sensitive cells that demonstrated impaired growth and partial lysis, with the leakage of DNA into the culture fluid, but these cells were still able to synthesize PHB at elevated rates and efficiency. When FP was continuously present in fed-batch culture, the yield in grams of polymer per gram of glucose consumed was calculated to range from 0.43 gIg, characteristic of nongrowing cells, to an unprecedented 0.65 g/g. Separation of an FP-free growth phase from an FP-containing growth phase in fed-batch culture resulted in better growth of these pleomorphic cells and good production of PHB (yield, 0.32 g/g). The fragility of these cells was exploited in a simple procedure for the extraction of high-molecular-weight PHB. The cells were treated with 1 N aqueous NH3 (pH 11.4) at 45°C for 10 min. This treatment removed about 10%o of the non-PHB mass from the pellet, of which 60 to 77% was protein. The final product consisted of 94% PHB, 2% protein, and 4% nonprotein residual mass. The polymer molecular weight (1.7 x 106 to 2.0 x 106) and dispersity (1.0 to 1.9) were not significantly affected (P = 0.05) by this treatment. In addition, the NH3 extraction waste could be recycled in the fermentation as a nitrogen source, but it did not promote PHB production like FP. A scheme for improved downstream extraction of PHB as well as the merits of using pleomorphic cells in the production of bioplastics is discussed.
The worldwide demand for degradable plastics is estimated to be 1.4 million metric tons per year by the year 2000, with much of this demand driven by legislation and environmental groups (20) . A number of polymers are being developed to meet this demand, with the majority of these being petrochemically based and projected to cost $6.6 kg-1 (21, 26) . Natural products being developed as biodegradable plastics include starch blends, polylactic acid, and bacterial polyhydroxyalkanoates (PHA). PHA, most commonly represented by poly-,-hydroxybutyrate (PHB), are natural polyesters that are stored as intracellular inclusions by a great variety of bacteria (1, 2) . Copolymers of poly(,Bhydroxybutyrate-co-f3-hydroxyvalerate) are currently being produced on a large scale by the Imperial Chemical Industries in Billingham, United Kingdom (10, 22) . This copolymer is a thermoplastic which resembles polypropylene (18) and has been successfully test marketed as shampoo bottles in Europe (13) . Although this natural product has great promise, it is currently priced at $17 to $22 kg-1 (26) .
The large-scale production of bacterial PHA poses a number of interesting problems. Major expenses in the production of PHA are determined by the cost of the fermentation substrate, the extraction of the polymer from inside the cells, and the treatment of fermentation and extraction wastes. In practice, the production of 1 metric ton of polymer requires that 3 metric tons of glucose be used for PHB synthesis and the production of non-PHB biomass * Corresponding author.
(yield in grams of polymer per gram of glucose consumed [Yp/s] = 0.33) (10, 12) . The Imperial Chemical Industries process uses Alcaligenes eutrophus growing in glucose salts medium (10) . A potential cost saving is offered by the use of Azotobacter vinelandii UWD for PHA production (34) . This organism will form polymer efficiently in beet molasses, which cuts the fermentation substrate cost by about onehalf. However, the use of beet molasses will likely increase waste treatment costs, unless the spent fermentation waste can be recycled in some other application (32) .
At the end of the fermentation, the cells often contain 80% PHA per total dry weight. The extraction process must remove a relatively small percentage of impurities to give a product that is at least 92% pure. The extraction process also must be gentle enough to preserve a polymer molecular weight of at least 600,000 to make it suitable for thermoplastic applications (22) . The Imperial Chemical Industries process uses heat disruption, a series of enzymatic digestions, peroxide treatment, and spray drying of the isolated PHA granules (15, 24) . Alternatively, the polymer can be extracted from spray-dried cells with a solvent like chloroform, but this poses real problems in how to permeate the dried cell mass with the solvent and how to separate the non-PHB residual cell mass (RM) from the very viscous PHA solution. Simple dissolution of RM with hypochlorite is commonly used in laboratory preparations of PHA, but this treatment will hydrolyze the polymer (6, 19, 37, 44) 
MATERIALS AND METHODS
Bacterial strain and growth conditions. A. vinelandii UWD (ATCC 53799) (33) was grown in a 3% (wtlvol) glucose medium which contained 15 mM ammonium acetate and salts as described previously (34) . The salts component of this medium is called Burk's buffer. The glucose medium was also supplemented with 0.1% (wt/vol) FP (product no.
HO10OBT; Protan A/S, Drammen, Norway), as noted in Results. The cultures were inoculated with a 4% (vol/vol) inoculum, pregrown for 24 h in glucose medium or as otherwise noted. Shake flask cultures (50 ml/500-ml Erlenmeyer flask) were incubated at 28 to 30°C with shaking at 225 rpm on a New Brunswick Scientific Co. model G-10 platform shaker for 24 h. Fed-batch fermentation studies. The growth and kinetics of PHB production by strain UWD were studied in a 2.5-liter BioFloIll fermentor (New Brunswick Scientific Co.) with glucose medium as a substrate. Initially, the fermentor contained 1.6 to 1.8 liters of medium containing 3% glucose and 15 mM ammonium acetate. FP (0.1% final concentration) was added before or after the start of the fermentation, as noted in Results. After 15 to 17 h, the fermentor was fed with glucose for 36 h to maintain about 3% (wt/vol) glucose in the vessel. The ammonium feed used NH4HCO3, rather than ammonium acetate to avoid the negative effect of acetate on PHB production (28) . The feed was increased over time to maintain about 15 mM NH4' for 15 h and was supplied as a step gradient consisting of 266 mM NH4HCO3 fed at 15 ml h-from 4 to 9 h, at 22.5 ml h-' from 9 to 14 h, and finally at 30 ml h-1 from 14 to 19 h. The medium was held at 5% dissolved oxygen (34) , and the pH remained at 7.0 to 7.2 during the PHB production phase. Fed-batch fermentation using 5% beet molasses as a substrate was conducted as described previously (34) . Other fermentation conditions, data logging, and analysis have been described (34) .
Chemical analysis of the cells and culture fluids. Wholebroth fermentation samples (12 ml) were removed at hourly intervals by an autosampler (35) . Each sample was divided into subsamples for the determination of cell protein, total dry weight, PHB dry weight, and glucose remaining in solution (33, 34) . Ammonium and phosphate ions remaining in solution were determined colorimetrically (7, 11) . Acetate utilization was estimated indirectly by monitoring the increase in medium pH that was characteristic of acetate use (35) . All assays were done in duplicate, and colorimetric assay results were recorded on a Hitachi U-2000 spectrophotometer. The rates of formation of products or the consumption of nutrients were calculated from assay means by linear regression. Non-PHB RM was calculated as the total cell dry weight minus PHB dry weight. The efficiency of polymer formation (Ypls) was calculated as the grams of PHB formed per gram of glucose consumed. Results reported as significant differences were determined by Duncan's multiple-range test (38) .
Estimation of osmotic fragility and DNA release. The osmotic fragility of the cells was tested by resuspending a cell pellet (from 5 ml of culture, centrifuged at 5,000 x g for 10 min and washed once with 5 ml of Burk's buffer) in 5 ml of distilled water. The suspension was vigorously mixed on a vortex mixer for 30 s and then allowed to stand at room temperature for 5 min. The suspension was mixed again for 30 s, and the cells were concentrated by centrifugation (5,000
x g for 10 min). Lysis was also promoted by vortex mixing of duplicate samples in distilled water containing 1.5 g of 0.5-to 1.0-mm-diameter glass beads. The protein content of the cell pellet was determined (33) . DNA released into the culture supernatant fluid and water extracts was quantitated by an ethidium bromide fluorescence assay with a Hitachi F-2000 spectrofluorometer (27) .. PHB extraction and molecular weight determination. Strain UWD cells were extracted with commercial bleach (containing 5.25% sodium hypochlorite) at 45°C for 1 h as described by Law and Slepecky (19) . Alternatively, the bleach was adjusted to pH 10.1, and the polymer was extracted by heating at 20°C for 10 min (44) . Polymer extracted into chloroform was used as a standard for unhydrolyzed, native polymer (37) .
PHB was also extracted from the cells by use of aqueous NH3 and heat. In most cases, cells grown in the fermentor in glucose medium containing 0.1% FP were concentrated to approximately 50 g (dry weight) per liter by using distilled water as the suspension medium. The cell suspension (usually 5 to 10 ml) was contained in a centrifuge tube, and aqueous NH3 was added to give a final concentration of 1 N at pH 11.4. The control for this extraction procedure consisted of cells suspended in distilled water only. The suspensions were heated at 45°C in a water bath and mixed by stirring for 10 min (Multi-stirrer model 1286; Lab-Line Instruments Inc., Melrose Park, Ill.). The suspensions were cooled to =18'C in running tap water and then concentrated by centrifugation (12,000 x g, 15 min). The NH3 extract fluid was saved for the determination of protein and N-acetyl sugar released (39) . The PHB pellet was resuspended in 35 ml of distilled water and homogenized by vortex mixing to give an even suspension. Triplicate subsamples of 1 to 2 ml were removed for determination of pellet total dry weight, protein content, and PHB dry weight by using the assays described for the fermentation studies. Duplicate 5-ml samples of PHB were extracted in pH 10.1 bleach (44) prior to molecular weight determination.
PHB molecular weight was determined by high-performance liquid chromatography (HPLC) as described previously (9) . The weight average molecular weight (Mw), number average molecular weight (Mn), and dispersity (Mw/Mn) relative to those of polystyrene standards were determined by a gas permeation chromatography program for the Shimadzu LC-6A HPLC (9). Microscopy. Cell morphology and sizes were routinely estimated by phase-contrast microscopy with a calibrated ocular.
RESULTS
Effect of FP on PHB production in batch culture. Batch culture experiments were run in the fermentor to compare the growth and PHB production by strain UWD in glucose medium with or without FP (Fig. 1) . In glucose medium alone, PHB was formed very slowly during the use of acetate (Fig. 1A) . PHB accumulated five times faster than cell protein (0.08 g liter-' h-1) after acetate depletion and the start of glucose catabolism. The NH4+ in the medium was depleted by 12 h, after which the cells continued to synthesize protein at the same rate during nitrogen-fixing growth. However, the increased demand of reducing power for nitrogen fixation and respiratory protection of the nitrogenase (33) (28, 31, 33) . They also demonstrated that FP was not a growth stimulator in general (31) , since it caused a 40% decrease in the rate of protein synthesis while it increased the rate of PHB synthesis twofold.
Effect of FP on PHB production in fed-batch culture. When additional glucose and FP (5 and 0.1% final concentrations, respectively) were fed to strain UWD growing in glucose medium containing 0.1% FP, there was a doubling in the protein content of the culture (Fig. 2) . The protein increase was complete after about one cell doubling time (=3 h), and then there was a decrease in cell protein after a lag of about 3 h. This decrease was not due to dilution, as the glucose and FP supplement was added as a single addition, and a plateau should have been seen if growth had only stopped. The decrease was most likely caused by cell lysis and a gradual loss of protein from the cell pellet. This fermentation run terminated with massive foam generation as a result of which the entire contents of the fermentor were blown into a trap on the exhaust gas line. PHB synthesis (0.6 g liter-' h-') and glucose consumption (2.7 + 0.1 g liter-h-') continued unabated after the FP feed. Therefore, despite the apparent instability of the cells after the FP feed, they appeared to remain metabolically active and able to produce PHB.
To analyze further the production of PHB in glucose medium containing FP, the fermentor cultures were fed glucose and FP in a continuous feed ( increased from 0 to 20 h (1.2 g liter-' h-'), and the further increase in cell mass from 20 to 38 h (1.0 g liter-' h-') was due to PHB synthesis ( Table 1 ). The Ypls increased from 0.43 g/g (0 to 20 h) to 0.65 g/g (20 to 38 h). Therefore, it appeared that the cells were growing slowly during incubation in glucose medium containing FP, but the cells were rapidly and very efficiently filling with PHB.
In an attempt to increase the rate of protein synthesis, (Table 1) . This was an attempt to separate the growth phase in glucose-NH4' from the PHB production phase in glucose-FP (Fig. 3) . In this case, protein synthesis was initiated without FP and continued during the glucose-FP feed. Total cell dry weight also increased (1. In the latter case, the cells appeared to be relatively stable in the distilled water wash, possibly because the most fragile cells had ruptured during the growth phase. The amounts of DNA released into the growth medium and into the distilled water wash fluid indicated partial lysis of the culture, and extensive lysis was not obvious from direct microscopic observation. When the cells were subjected to additional shearing by mixing with glass beads (Table 2) , much greater amounts of DNA were released and definite lysis was visible by light microscopy.
The best yield of PHB was found in cells that had been pregrown without FP and used to inoculate medium containing FP (Table 2) , as shown in the fermentor experiments ( Table 1 ). Cells that had been exposed to FP only in the growth medium had decreased cell fragility and a better rate of cell protein formation in the fermentor, whereas cells continuously exposed to FP were unstable and had the lowest cell protein formation rate in the fermentor (Tables 1  and 2 ).
Extraction of PHB with hypochlorite. Polymer extracted with alkaline bleach (20°C for 10 min) had a molecular weight of 2.62 x 10' (dispersity, 2.4). When more severe extraction in common bleach (45°C for 60 min) was used to remove RM, there was definite polymer hydrolysis, especially when the ratio of hypochlorite to cell mass was high (Fig. 4) . However, the =50% loss in molecular weight caused by the most severe treatment still allowed the recovery of a product with a molecular weight of 1.8 Extraction of PHB in aqueous NH3. An alternative PHB extraction procedure using aqueous NH3 and heat was tried, Cell mass/hypochlorite (g/g) FIG. 4 . Extraction of PHB from strain UWD by using hypochlorite. The molecular weight (O) and dispersity (-) of the polymer were determined after 60 min of treatment at 450C at the hypochlorite-to-cell mass (cell mass/hypochlorite) ratios shown.
with the hope that RM would be extracted by the alkaline pH or by ammonolysis and that the waste stream could be recycled in the fermentation process.
Initially, cells from the fermentor were suspended in distilled water to give a dense slurry (50 g/liter) typical of that generated in a full-scale industrial process (24) . When the cells were boiled in distilled water for 10 min, there was an increase in PHB dry weight in the pellet from the original 80 to 86% in the treated sample. However, the same increase was obtained by mixing the cells in distilled water for 10 min at 22°C, and boiling did not significantly (P = 0.05) decrease the protein content of the cell pellet. This suggested that the cells were lysing in the distilled water during the preparation of the cell slurry. Lysis was evident by light microscopy, which showed that the suspension was filled with 4-to 5-,um-diameter individual or aggregated cells and many free PHB granules. At least 1 N NH3 (pH 11.4) was needed to effect some extraction of protein and other RM from the pellet, but the use of 5 N NH3 (pH 12.0) or 10 N NH3 (pH 12.7) was not more effective (data not shown). Treatment with 1 N NH3 (pH 11.4) for 10 min at 45°C, without an initial boiling step, was considered optimal for the scale used here (Fig. 5) . Protein, which accounted for about 10% of the dry weight of the original pellet, was reduced about 2% by the distilled water treatment (Fig. 5, zero time point) and an additional 6% by NH3 treatment for 10 min. Longer treatment did not extract more protein from the PHB pellet. Protein was released into the NH3 extract as well as Nacetyl sugar. The decline in released protein and N-acetyl sugar values over time probably was caused by hydrolysis by ammonolysis.
Regardless of the density of the cell suspension (7 to 50 g/liter), NH3 treatment removed about 10% of the original RM from the pellet (Table 3) . Of this RM, about 60 to 77% of the protein originally present was removed. Thus, the best purification of PHB occurred when the initial PHB content of the cells was high. An analysis of the RM originally present in these dense (50-g/liter) cell suspensions showed that protein was more readily removed by NH3 treatment than nonprotein RM (Fig. 6) .
After treatment of the cells with aqueous NH3, there was the complete rupture of at least 90% of the cells and the release of free, nonaggregated PHB granules. This was difficult to estimate accurately because of cell aggregation in the untreated cell slurry. Increasing the temperature of the NH3 treatment to 100°C removed slightly r'ore RM (not significant at P = 0.05), removed significantly more protein (Table 3) , and resulted in the complete rupture of the cells. Treatment of a very dense suspension (200 g/liter) with NH3 also removed about the same proportion of protein as was released from the 50-g/liter suspension, but overall there was less RM removed (Table 3) .
Treatment of strain UWD (50 g/liter) with 1 N NH3 at 45°C for 10 to 120 min, 1 N NH3 at 20 to 100°C for 10 min, or 5 N NH3 at 20 to 80°C for 10 min did not result in a significant (P = 0.05) change in PHB Mw compared with that of the distilled water control. The Mw of the control PHB (n = 7) was 1.7 x 106 to 2.0 x 106 (dispersity, 1.3 to 1.5), while the Mw from all extraction trials (n = 15) was 1.7 x 106 to 2.7 x 106 (dispersity, 1.0 to 1.9). The only treatment that had a significant negative effect on the polymer was 5 N NH3 at 100°C for 10 min, which decreased the M, to 1.4 x 106 and increased the dispersity to 2.3. VOL. 59, 1993 4242 PAGE AND CORNISH fungoid and pleomorphic cells has been documented in these organisms (41, 42) . It has been suggested that the active ingredient in these extracts that affects A. vinelandii or Azotobacter chroococcum is glycine, possibly in combination with other amino acids such as L-methionine, L-tryptophan, or L-phenylalanine (5, 42) . The inhibitory effect of glycine on bacterial cell growth and the generation of enlarged, osmotically fragile cells has been known since at least 1948 (23) . It has been shown in a variety of grampositive and gram-negative bacteria that glycine interferes with peptidoglycan synthesis and results in the accumulation of UDP-glycopeptide precursors in the cell cytoplasm (14, 36, 40) . During the course of this study, we looked for the accumulation of these UDP-glycopeptide precursors (39) Extraction of PHB from these pleomorphic cells was quite simple. The use of aqueous NH3 as the extraction solvent is novel and has not been reported previously. However, in our experience, NH3 extraction was only successful with strain UWD grown in FP medium (data not shown). Thus, it is likely that the compromised cell wall strength of these pleomorphic cells is crucial to the success of the NH3 extraction procedure. Analysis of the extraction process shows that protein is easily removed from the cell slurry and there is some release of N-acetyl sugars, likely by the alkaline pH and ammonolysis of the weakened cell wall esters, respectively. The final preparation was "94% PHB, 2% protein, and 4% nonprotein RM. These values compare favorably with those obtained by using the heat disruption and enzyme treatment process described by Holmes and Lim (15) .
A comparison of the process described by Holmes and Lim and summarized by Marchessault et al. (15, 24) and an NH3 extraction scheme is shown in Fig. 7 . Basically, the enzyme extraction process (Fig. 7A ) requires the following: (i) a tank equal to the volume of the fermentor (unit 4) , where the culture is held as it is diluted from 80 to 100 g/liter to "50 g/liter with process water; (ii) continuous heat disruption of the diluted suspension to lyse the cells and denature DNA (unit 5); (iii) concentration of the polymer and the generation of a large-volume waste stream (centrifuge 1 and stream 3); (iv) enzyme treatment in two blending tanks (units 6) separated by concentration (centrifuge 1 and stream 7) and dilution and heat treatment (unit 8) to protect the second proteolytic enzyme from the first proteolytic enzyme; (v) concentration of the polymer (centrifuge 1 and stream 7) and then bleaching in H202 (unit 9). The NH3 extraction procedure ( The NH3 extraction procedure offers a number of real savings in the downstream extraction of PHB. There is an obvious reduction in the amount of equipment in the process which should reduce the capital costs significantly. There is also a considerable reduction in the waste stream volumes. In the enzymatic approach, the culture volume must at least be doubled and all wastes are directed to waste treatment. In the NH3 treatment scheme, the spent culture fluid is removed at the beginning, with the hope that this waste stream will be used for something in the future (e.g., as an animal feed). In any event, the results show that the culture at 50 to 200 g/liter can be effectively treated with NH3, provided the PHB content of the cells is high. The NH3 extraction wastes also can be recycled in the process as a nitrogen source in a two-stage process (Table 4 and work in progress).
Glycine addition (23, 43 ) is a simple and effective treatment to weaken the cell wall and promote the release of cell constituents. This old procedure is receiving renewed interest as a means of promoting periplasmic or cytoplasmic enzyme production and release from a variety of gramnegative and gram-positive bacteria (3, 4, 16, 17, 25, 46) . The intentional growth of pleomorphic cells, however, requires a fine balance to be struck between cell wall softening and cell stabilization. How to stabilize these enlarged cells and promote their growth is an interesting and potentially useful subject for study.
